Abstract: This paper presents a numerical model which can simulate methane gas pro ductionfrom coal seams. The model was developed based on the double porosity model concept and was applied to investigate basic gas production characteristics. It was concluded that (1) the relative permeability to gas affects both short and long term gas production behavior, (2) the short term gas production is sensitive to sorption time, (3) the long term gas production behavior is controlled by fracture properties, (4) the productivity around the production well affects the long term gas production behavior, (5) the solution gas in water affects the short term gas production behavior.
Introduction
We are now faced with global environmental partly stored as free gas or dissolved gas in fractures. The methane gas flow mechanism through the porous medium of a coal seam is characterized by (1) desorption of methane gas from coal matrix, (2) diffusional methane gas flow through coal matrix to the fractures and (3) methane gas and water flow through fractures to the production well. Among the above three processes, process (1) is the most complex and is still in the investigation stage. For reducing the complexity, most studies con ductedso far assume that the coal matrix is in continuous equilibrium with fractures. That is, the amount of gas adsorbed is in equilib riumwith the matrix surface as a function of fracture pressure.
The typical functional forms of the adsorption isotherm are5) (1) Henry's Law type isotherm, (2) Langmuir isotherm and (3) Freundlich isotherm.
The mechanism that would occur in the process (2) is considered as follows6). When the pres surein the coal matrix decreases below the desorption pressure, adsorbed gas begins to desorb following the adsorption isotherm. The desorbed gas causes the concentration of methane within the matrix go up, resulting in a concentration gradient and, consequently, in diffusion of gas through the matrix toward fractures.
Diffusional flow occurs as a result of the following mechanisms), that is, (1) Bulk diffusion (molecule-molecule interaction) (2) Knudson diffusion (molecule-pore wall interaction) (3) Surface diffusion (transport of the adsorbed liquid-like film of methane along the walls of the micropores of the coal matrix). The diffusion process is described by Fick's Law.
In process (3), the flow of gas and water is caused by a pressure gradient as described by Darcy's Law.
Basic Equations
The major assumptions and approximations made in this study are as follows.
(1) The coal matrix is in continuous equilib riumwith fractures.
(2) Langmuir isotherm is assumed for the methane gas adsorption in coal matrix.
(3) The methane gas flow in coal matrix is in pseudo steady state and is governed by diffusion process described by Fick's Law. (4) The methane gas and water flow in fractures is in unsteady state and obeys Darcy's Law. (10) Water and gas are produced under semi steadystate flow conditions. Based on the above assumptions and approxi mations,equations that govern the methane gas flow in matrix and methane gas and water flow in fractures could be written as follows.
As for the methane gas and water flow in fractures, 
Numerical Model
In the numerical model, Eqs.
(1) through (13) were approximated by finite difference equa tions,resulting in a system of nonlinear equations. Choosing fracture pressure, fracture water saturation and methane gas concentra tionof the coal matrix as primary variables, nonlinear equations were linearized by modi fiedIMPES (implicit pressure and explicit saturation)8) method. The resultant equations are shown in the Appendix.
The linear equa tions(A-1)
were solved by Gaussian elimina tionprocedure for a banded matrix. The alogorithm of the numerical model could be summarized as follows.
(1) After reading input data and calculat ingoriginal gas and water reserves, fracture pressure is solved with Eq. (A-1) . In solving pressure, methane gas concentration and water saturation are approximated by previous iteration values except for the first iteration where the previous time step values are as sumedas the initial estimate.
(2) Methane gas concentration of the coal matrix is solved with Eq. (A-19) using pres sureobtained at step (1).
(3) Convergence is checked for pressure and methane gas concentration by the following equations. (6) Convergence is checked for water satura tionby the following equation. (7) Steps (1) through (6) are repeated until convergence criterion is satisfied.
(8) After solving pressure, methane gas concentration and water saturation by steps (1) through (7), print out these values and well information.
(9) The above procedure is repeated for each time step until the final time step is reached. Fig. 1 shows the above alogorithm in a graphical format.
Sensitivity Studies and Discussion
To understand the basic gas production characteristics from coal seams, sensitivity studies on gas production were performed with the numerical model described in section The peak of gas production rate not only increases, but occurs earlier, as the sorption time decreases. However, the effect becomes insignificant in the long term gas production as illustrated by Fig. 4 . This indicates that sorption time controls the early time gas production behavior while the long term gas production is fairly insensitive to sorption time, that is, the short term gas production is sensitive to sorption time.
The fracture permeability was varied (K=10, 20, and 30md) in the simulator to investigate the gas production sensitivity to permeability as shown in Figs. 6 and 7. As the permeability increases, gas production rate and cumulative gas production improve.
The reason is that pressure drop caused by water production increases and affects on larger area as the permeability increases. As a result, the gas flow rate from the coal matrix to fractures increases and occurs earlier.
This suggests that long term gas production behavior is con trolledby fracture properties. The skin factor was varied (skin=-1.9, -0.9, and 0.0) in the simulator to investigate the gas production sensitivity to skin factor as shown in Figs. 8 and 9 . Fig. 8 shows that as the skin factor decreases, the peak of gas production rate not only increases, but occurs earlier.
Because the skin factor is regarded as the variable for the damage around the produc tionwell, the productivity increases as skin factor decreases. Therefore, the above results imply that the improvement of the produc tivityaround the production well affects the The solubility of methane gas in water was varied (Rsw=0 and Rsw>0) in the simulator using PVT data of Table 5 to investigate the gas production sensitivity to solubility as shown in Fig. 10 . The short term gas produc tionrate behavior shown in Fig. 11 indicates that the gas production at the initial stage is extremely sensitive to solubility.
However, the effect becomes insignificant in the long term gas production as illustrated by Fig. 10 . The reason is considered as follows. Solution gas is produced with water at the initial stage, then desorpted gas begins to be produced afterwards.
Since the desorbed gas is much larger amount compared with the solution gas, the production is fairly insensitive to solubility in the long term gas production behavior.
This indicates that solution gas affects the short term gas production behavior while the long term gas production is fairly insensitive to the gas solubility in water.
Conclusions
A numerical model to simulate coalbed methane gas production was developed based on the double porosity model concept and was applied to sensitivity studies.
Following con clusionswere obtained.
(1) The relative permeability to gas in fractures has an effect on both short and long term gas production behavior.
(2) The short term gas production is sensi tiveto sorption time.
(3) The long term gas production behav ioris controlled by fracture properties.
(4) The productivity around the production well affects the long term gas production behavior.
(5) The solution gas in water affects the short term gas production behavior, while the long term gas production is fairly insensitive to the gas solubility. Nomenclature B =formation volume factor, rc-m3/SCM C =concentration, SCM/m3 cp =pore volume compressibility, Pa-1 h= thickness, m K =permeability, m2 K r =relative permeability, fraction n =porosity exponent P =pressure, Pa PL =Langmuir pressure, Pa q =production per unit time per unit bulk volume, SCM/sec/m3 qm = matrix-fracture flow per unit time per unit bulk volume, SCM/sec/m3 RSw=solubility of gas in water or solution gas-water ratio, SCM/SCM r =radius, m S =saturation, fraction s = skin factor, fraction t =time, sec V =volume, m3 VL =Langmuir volume, SCM/m3 x =distance, m 
